An expert system for amino acid sequence identification has been developed. The 
Introduction
Knowledge of amino acid sequence information permits conclusions to be made about protein structure, relationships between different proteins, and also provides useful data for the isolation and localization of structural genes. The accurate determination of amino acid sequences in proteins is therefore a very important analytical task in biochemistry, and the most common type of instrumentation used for this purpose employs Edman degradation (Edman, 1956 ) to repetitively cleave off N-terminal amino acid residues, which are then identified as their phenyl- Medicine, Clippinger Laboratories, Ohio University, Athens, OH 45701-2979, USA 3 To whom correspondence should be addressed thiohydantoin (PTH) derivatives by reverse-phase highperformance liquid chromatography (HPLC; Hunkapiller et al., 1982) . Interpretation of the HPLC data is often problematic due to unstable baselines, drifts in elution times of PTH-amino acids, and cumulative contamination effects which are a consequence of incomplete cleavage during Edman degradations and/or side reactions that occur during the cycles. Such problems may cause peak misidentification by onboard software programs on commercial sequencers such as the commonly used Applied Biosystems 477A, and visual interpretation of the HPLC data by a human expert is often required for successful interpretation of the chromatographic profile.
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It would, therefore, be advantageous to have a software program for sequence identification that is able to take into account the above-mentioned complications in a manner analogous to the way in which a human expert performs this task. Such computer systems based on human expertise are generally referred to as 'expert systems', and have been developed in other areas of data analysis, method development and fault diagnosis (Lahiri and Stillman, 1992; Buydens et al., 1993; Bryant et al., 1994) . It therefore seemed appropriate to apply this approach to the problems associated with amino acid sequence determination.
In this paper, we report on the development of an 'intelligent' sequence analysis algorithm for interpretation of the PTH-amino acid chromatographic data from amino acid sequence analyses. The algorithm is an expert system which uses heuristic rules developed by human experts in protein sequencing. Using several different protein analyses, the effectiveness of this system is compared to the visual analyses by human experts and to the proprietary onboard software of the Applied Biosystems Model 477A Protein/ Peptide Sequencer.
LHu et at. It includes all amino acids to be identified to provide a reference for retention times referred to as a calibration cycle to provide retention times for PTH-amino acids (see Figure 1 ). Other proteins and polypeptides used in these studies included bovine serum albumin (BSA Cohn Fraction V, Sigma), a cyanogen bromide (CNBr) fragment of BSA (BSA-CN, residues 184-443) and two CNBr fragments of rabbit skeletal atropomyosin (TM-CN1, residues 142-281; TM-CN2, residues 11-127). The CNBr fragments were prepared in the laboratory according to the procedure of Johnson and Saulinskas (1993) . The amounts of samples used in these studies are listed in Table I . All of the runs were tested up to 21 cycles, except the first three which were run up to 11, 16 and 14 cycles, respectively. All computations were conducted on a PC 25 MHZ, 80486 computer operating under MS-DOS 6.2. All programs were written, debugged and run in Borland C++ 4.5 (copyright of Borland International, Inc., 1995) . Axum 4.0 for Windows (copyright of TriMetrix Inc., 1995) was Standard amount is the amount of PTH standard used in the calibration cycle and the protein amount is the estimated amount of the protein sample analyzed. The latter is calculated on a log-linear regression fit to the yield of all the amino acids assigned in the sequence call (Applied Biosystems, Inc , 1989) , and in such a calculation standard amount has to be known. used for graphs of the unprocessed chromatogram data. In each cycle, there were 1681 points and each point had the coordinates of retention time and relative intensity. MS-Excel 5.0 (copyright of Microsoft Corporation, 1993) was used to calculate averages and standard deviations. The flow chart of the expert system is given in Figure 2 .
Algorithm
Expert systems are software programs in which the skills of a human expert are incorporated (Bryant et ai, 1994) and made available to a 'non-expert' user (Dolan and Snider, 1990) . Our algorithm encodes heuristic rules developed by human experts in protein sequencing and can identify amino acid sequences according to those rules.
The expert system was developed from analyses of six runs of ribonuclease A on the Applied Biosystems 477A Protein/Peptide Sequencer. The first step in the development of the algorithm locates peaks by retention times in each cycle. Peak heights are determined by the following procedure. Second derivatives are calculated by a sevenpoint quadratic-cubic Savitzky-Golay derivative (Savitzky and Golay, 1964; Steiner et ai, 1972) , and are used to determine two inflection points on each side of the peak maximum. The difference between the average of the two intensities at the inflection points and the maximum intensity value is used to determine the peak height. This peak height calculation is insensitive to baseline drift (see Figure 2 , step 1).
The next step identifies the peaks in the calibration cycle. Although peak retention times shift between HPLC runs, the relative distances between peaks are relatively constant, and so all retention times in the calibration cycle were converted to relative retention times by the following equation:
in which T Q is the retention time for the first peak, which is aspartic acid (D), and T\ is the retention time for the last peak, which is leucine (L). T T is the retention time for the current peak and T, is the relative retention time of that peak. Therefore, the relative retention time for D is zero and that for L is one. Relative retention times are advantageous because they are resistant to chromatographic peak shifts. For example, the relative retention time of L-glutamic acid (E) in all the six calibration cycles was 0.194 ±0.003 and that of lysine (K) was 0.981 ± 0.002, while the absolute retention times for them were 9.4 ±0.5 and 24.7 ± 1.3 min, respectively. By using relative retention time, the expert system successfully identified all amino acid peaks in the six calibration cycles for ribonuclease A. Correspondence between amino acids in a cycle and The flow chart of the program for the expert system. AX, the ratio of current peak height divided by the corresponding peak height in the previous cycle (current/previous); AY, the ratio of current peak height divided by the corresponding peak height in the calibration cycle (current/calibration); X and Y, the two peaks with the largest AX and AY, respectively; AX j-, the ratio of /peak height divided by its corresponding peak height in the previous cycle; AY.J-, the ratio of X peak height divided by its corresponding peak height in the calibration cycle.
the calibration cycle is then obtained by the following procedure. The retention time for an amino acid may vary from its retention time in the calibration cycle, and so before any comparison is made, it is corrected based on its correspondence to the calibration cycle. To do so, some reference peaks are required. A good reference peak 'should be relatively large, present in each and every cycle, and relatively isolated from nearby peaks' (Applied Biosystems, Inc., 1989) . The expert system uses two by-products from Edman degradation, dimethyl phenylthiourea (DMPTU) and diphenylthiourea (DPT), which are isolated from nearby peaks, and therefore easy to locate in each cycle. The shifts of the retention times of those two reference peaks with respect to their retention times in the calibration cycle are used to calibrate the peaks in each cycle. The peaks with retention times less than the DPT peak use DMPTU as a reference and the other peaks use DPT. For example, if the DMPTU peak shifted +0.10min with respect to its retention time in the calibration cycle, then all the peak retention times TaUeU. The row 'Sequence' shows the known sequence for ribonuclease A; N/C, no call. When ABI software did not designate an amino acid to a particular cycle, no call was made.
before DPT are calibrated by adding +0.10min to correct their retention times. The corrected retention time for each peak is then compared with its calibration cycle. The next step identifies amino acid peaks in each cycle by correspondence to the calibration cycle. Ideally, there would be only one amino acid peak in each cycle. Unfortunately, multiple peaks are often obtained in a cycle due to inherent problems of Edman degradation. All peaks appearing in each cycle are identified and given identification labels (ID) by corresponding peaks in the calibration cycle. An ID label is a tentative identification of the amino acid. More than one peak in a cycle might be assigned the same ID label when peaks detected in the cycle are compared to those in the calibration cycle (see Figure 2 , step 4). If this happens, the peak with the closest retention time to its corresponding peak in the calibration cycle is assigned the ID label, and all the other peaks are considered spurious peaks (see Figure 2 , step 5). To rule out spurious peaks further, a peak window is created for each amino acid in the calibration cycle. The window width we used is 0.25 min, i.e. if the retention time for one peak is beyond ±0.25 min of the corresponding peak with the same ID in its calibration cycle, that peak is also considered as a spurious peak. Two exceptions to this rule are R (arginine) and H (histidine) peaks. Because the peak time and peak shape of these two amino acids are quite variable from run to run, no window is assigned to them. The peak with the closest retention time to H or R peak in the calibration cycle is assigned an ID of H or R.
Peaks that have been assigned ID labels are then subjected to the following screening procedure in order to narrow a subset of plausible peaks to a single most probable assignment. First of all, the amino acid for the current cycle should have a larger peak height than its corresponding peak in the previous cycle, and the peak heights in the current cycle are ratioed to those in the previous cycle. The peak height ratio of a certain peak (current/previous) is designated AX. For example, AX/ is the peak height in the current cycle divided by that in the previous cycle for amino acid /. The ID label for the largest AX value is designated as X. The current cycle is compared to the calibration cycle in an analogous procedure to generate AY and Y, which are the ratio of peak height for an amino acid in the current cycle divided by the corresponding peak height in the calibration cycle (current/calibration), and the ID label for the peak with the maximum AY, respectively.
The labels X and Y are compared, and if they are the same amino acid, the peak is identified by the label. If labels X and Y disagree, the ratio of the peak height of X to its corresponding peak in the calibration cycle (AY^), and the ratio of the peak height of Y to its corresponding peak height in the previous cycle (AX y ), are calculated. The AY values are compared and the assignment is made if one of them is significantly larger (by at least a factor of 15) than the other. The factor of 15 was empirically determined and works fine. If the AY values are not significantly different, the two AX values are compared and the assignment is made if one AX value is more than five times larger than the other AX value. If an assignment is still not made, peak height ratios are calculated for both X and Y peaks, and their counterparts in the following cycle, namely the peak heights in the current cycle are divided by the corresponding peak heights in the succeeding cycle (current/succeeding). Because the amino acid in Fig. 3 . Example 1 for applying rules. AA003 is the current cycle to be identified. X = Tand Y = T. The system called it as r correctly and ABI software also made the correct call AD expert system for amino add sequence Identification Fig. 4 . Example 2 for applying rules. AA006 is the current cycle to be identified. X = / and Y = A. The system correctly called it as A, because A peak increases much more than / peak when compared with the calibration cycle (15 times), whereas ABI software misidentified this residue as /.
the current cycle will show up as a lag in the succeeding cycle, while the rest of peaks will only increase as the background does, the label that corresponds to the smaller ratio is used to identify the amino acid in the cycle.
Implementation and discussion
The sequence identifications made by the onboard software (ABI software) for six runs of ribonuclease A are given in Table II . These runs are designated Run01-Run06. It can be seen from the table that the ABI software misidentified several cycles in each run. When more than one amino acid had the same peak height that was furnished by the ABI data analysis system, the program could not make an assignment for that particular cycle (Applied Biosystems, Inc., 1989 ). This situation is referred to as a 'no call' (N/C).
The following two examples demonstrate the success of the expert system rules (see Figures 3 and 4) . In Figure 3 , considering AA003 as the current residue to be identified, X and Y both equal T (threonine). Therefore, the residue was identified as T, which is a correct identification. The ABI software made a correct identification for this cycle. In Figure 4 , considering AA006 as the current residue, X equals / (isoleucine) and Y equals A (alanine). One can see that AY^ is much larger than AY ; . With respect to the corresponding peak in the calibration cycle, the / peak height did not increase at all (AY ; < 1). Under this situation, the succeeding cycle is not used for identification and a correct call A was made directly. The ABI software misidentified this cycle as / for this case.
When the two peaks X and Y are not equal, four peak height ratios (AX, AX Y , AY and AY^) are considered before an identification is made. Caution must be exercised before an assignment is made using peak height ratios with the calibration cycle (AY), especially when the cycle is in the second half of the run (i.e. >10 cycles). However, if the calibration cycle ratios were not used, and only the previous cycle were used, the expert system would make misidentifications, even in two relatively shorter runs (RunOl and RunO2). The use of the peak height ratios with the calibration cycle is important to the special case for which several successive cycles contain the same amino acid. For example, with the use of the calibration cycle ratios, the number of misidentifications decreased from three to one and from two to none for RunOl and RunO2, respectively. If the calibration cycle ratios were not used, the fifth and sixth residues, which are the same amino acid as the fourth residue, would be misidentified. The calibration cycle peak ratio is only reliable if the change in peak height is very large, which was encoded as the rule that AY must be greater than AY^ by 15 times.
If the two AY values are similar, then the two AX values are compared, for which either AX or AX r must be five times greater than the other. The assignment is designated to the peak with the larger ratio. A smaller comparison factor (5 as opposed to 15) is used, because the peaks in the previous cycle should be more similar than those in the calibration cycle to the peaks in the current cycle, and therefore should be more weighted.
If the AX and AY values are similar, the residue is not yet identified by either of the above two comparisons. It TaMe III. Analyses of ribonuclease A using the expert system
The same six runs which missed) and by The rows of sequence and operator show the known sequence for the samples and the call by the human experts, respectively. The rows 'ABI' and 'system' show the calls made by the ABI software and the expert system, respectively. The last two columns show the number of misidentifications comparing with the human expert (vs. Oper.) and the known sequence (vs. Seq.). bl. indicates a blank.
means that the two peaks increase at almost the same magnitude when they are compared with either the previous cycle, or the calibration cycle. For this situation, the succeeding cycle is used for comparison. After the rules were applied to all six runs, the results shown in Table III were obtained. Because our algorithm is built from the experts' rules, the results are better than the ABI software for all but one run.
The use of IDs according to corrected retention times instead of retention times to compare the peaks in different cycles is our main improvement. Because the retention time for a certain amino acid shifts from cycle to cycle (even though the cycles are all in the same run), when two different cycles are compared with each other, the two peaks that have the closest retention times may not be the same amino acid. From Table I , it can be seen that K was frequently misidentified as L by the ABI software. Therefore, using peak IDs given by corrected retention times helps to minimize misidentification.
After the expert system was developed from the six runs of ribonuclease A, it was applied to the analyses of BSA and tropomyosin samples to evaluate its effectiveness. The results are shown in Table IV . For BSA, we identified all 21 residues correctly, whereas the ABI software misidentified one residue. In the BSA-CN fragment analysis, four residues were misidentified by the ABI software and three by the expert system. For the fifteenth residue, it should be noted that the correct residue and the correct call are not the same. The correct residue should be C (cysteine), but the correct call should be a blank. In order to detect C, the protein should have been alkylated prior to sequencing, but as this was not done in this experiment, a blank result would be expected here. The expert system failed here because it has not yet been trained to call a blank. For TM-CN1, the expert system misidentified one residue, whereas the ABI software misidentified four. The human experts identified the tenth residue as A, which was correct, but could not be absolutely certain of this identification. The expert system and the ABI software misidentified it as D, which was the experts' second-best choice.
For the analysis of TM-CN2, the ABI software obtained a slightly better result than the expert system. The expert system was misled by a spurious peak that occurred within the DPT retention time window. In Figure 5 , the retention time for peak Fl is exactly the same as that for DPT in the calibration cycle (20.50 min). Therefore, Fl was misidentified as DPT, and the retention times for peaks after DPT were not properly corrected. The retention time of the plausible peak (PP, 23.38 min) was the same as the retention time for L (23.38 min) instead of for K (23.13 min) in the calibration cycle, but if Fl were recognized as a spurious peak, and the following peak F2 at 20.75 min were recognized as DPT, then the PP peak would be corrected to 23.13 min and be identified as K. Thus, the misidentification was caused by the spurious peak, which had a closer retention time than the real DPT peak to its corresponding peak in the calibration cycle. This type of failure of the expert system should be relatively rare because the reference peak is isolated and the chance for a spurious peak occurring close to it is rare.
Because the expert system uses the same heuristic rules as human experts, it can obtain more reliable results under most circumstances than the ABI software used by the sequencer. However, it cannot be expected to perform better than human experts when some exceptions are encountered, e.g. when a spurious peak occurs close to a reference peak. From the above results, it can be seen that compared to human experts, among all the six runs (104 identifications of amino acids) from ribonuclease A, the ABI software misidentified 22 (21%), while the expert system misidentified eight (7.7%). For the fragments from the BSA and TM samples, among all the 69 identifications of amino acids, the ABI software misidentified nine (13%), while the expert system misidentified five (7.2%). These figures indicate that the expert system is an improvement over the ABI software and is more reliable under most circumstances. Further studies are in progress to refine this system and to bring its performance even closer to that of human experts. Such refinements should eventually permit this approach to handle more difficult analyses such as sequences longer than 20 residues, and samples that contain two proteins of different sequence.
Conclusions
An expert system that incorporates knowledge obtained from human experts for analyzing amino acid sequence data has been devised. This expert system performs better than the software supplied with the Applied Biosystems 477A Protein/Peptide Sequencer. The expert system assigns each amino acid peak an identification label by corrected retention times, instead of directly using retention times for peak comparison. This approach can decrease misidentification, especially for those peaks whose retention times are close to one another (e.g. K and L). The ABI software used both previous and succeeding cycles for identification, whereas the expert system always uses the previous cycle for comparison, but introduces the calibration cycle and succeeding cycles for difficult cases, which increases the reliability of the amino acid identification. These heuristic rules are especially important for proteins that have the same amino acid for multiple successive residues. Although the system was noted to fail when a spurious peak occurred close to a reference peak, its overall accuracy exceeded that of the commercial ABI software supplied with the protein sequencer.
Future work will investigate the use of advanced signal processing algorithms to enhance signal-to-noise ratios. In addition, machine learning algorithms will be investigated, so that the expert system may learn directly from exemplary data. Machine learning bypasses the knowledge acquisition bottleneck, which is the difficult processes of encoding the expert's knowledge in the form of algorithmic rules.
This program is in the early stages of development, and a commercial or shareware version is not yet available. The authors are interested in working with other research laboratories so that the expert system may be evaluated. The corresponding author should be contacted for participation in further studies.
